Abstract Bone marrow stem cells (BMSCs) can be obtained from the vertebral body (VB) and iliac crest (IC) for augmenting spinal arthrodesis. However, it is still not evaluated, which of the two sites would have a better BMSCs potential on Proliferation and osteoblastic differentiation is still not evaluated. Fourteen patients (10 men and 4 women) undergoing posterolateral lumbar arthrodesis and pedicle screw instrumentation were involved. The mean age was 54.7 years (range 31-75 years). Bone marrow aspirates were obtained from the vertebral body through the bilateral pedicle and were quantified relative to matched, bilateral aspirates from the iliac crest that were obtained from the same patient and at the same time. The mononuclear cell count and concentration of BMSCs were calculated and compared. Proliferation and osteoblastic differentiation of each of the BMSCs were characterized using biochemical and molecular biology techniques. Concentration (cells/mL) of BMSCs from VB and IC were 3.73 9 10 3 and 3.19 9 10 3 , respectively (P [ 0.05). VB and IC exhibited similar proliferation pattern at 3, 5 and 7 days, but BMSCs from the VB exhibited an increased mineralization staining with Alizarin Red S at 14 days. BMSCs from both anatomic sites expressed comparable levels of CD29, CD34, CD44, CD90 and CD105. VB and IC displayed similar levels of expression of ALP, type I collagen and osterix, but VB expressed higher level of osteocalcin and Runx-2, especially at 14 and 21 days. Our studies show that BMSCs from VB have osteogenic differentiation potential similar to IC. Based on these findings, we suggest that BMSCs from VB would be comparable candidates for osseous graft supplementation especially in spinal fusion procedures.
Introduction
Spinal fusion surgery is yet the standard treatment for severe spinal deformity, spinal instability following spinal decompression, spondylolisthesis and some cases of degenerative disease. Autogenous bone graft harvested from iliac crest (IC) generally serves as the preferred method to obtain solid spinal fusion. However, harvesting of autograft is often associated with complications such as increased operative time, blood loss, infection and chronic pain at the donor site [5, 26] . Recently, numerous methods have been developed for substituting autogenous bone graft. Among these, a combination of bone extenders, such as ceramics with bone marrow, has shown significant osteogenic potential in vitro and in vivo [4, 25] . Moreover, there has been a considerable clinical interest in the use of adult mesenchymal stem cells (MSCs) from bone marrow for osseous graft supplementation therapy. Adult MSCs are used to enhance the repair of a wide range of diseased or traumatized human tissues [8, 9, 21] . When cultured at low density in the presence of specific medium supplements, these cells can commit to a number of well-defined lineages such as osteoblasts, chondrocytes, adipocytes or myoblasts [10, 12, 23, 27] ; recent work suggests that MSCs may also acquire a neuronal phenotype [24] . Muschler et al. demonstrated that autologous connective-tissue progenitor cells, the osteogenic stem cell precursors, can be harvested in great numbers from the IC marrow and concentrated on allograft cancellous matrix to form a suitable graft substitute [14, 17, 18] . The capacity of this composite material to stimulate arthrodesis has been demonstrated in both animal and clinical models [2, 6, 19] . Several other investigations have shown that vertebral body (VB) bone marrow contains stem cells, which can initiate osteogenesis [1] . The VB bone marrow also has a higher number of colony-forming unit-fibroblastic (CFU-F) and progenitor cell concentration than the IC bone marrow [16, 20] . The purpose of this study was to determine and compare proliferation and osteoblastic differentiation of bone marrow stem cells from VB and IC. This enables us to estimate which of the stem cells are more useful for increasing bone fusion, especially in spinal surgery.
Materials and methods

Subjects
Fourteen adult patients (male = 10; female = 4) older than 21 years of age (mean: 54.7, range: 31-75) were involved in the study. These subjects were diagnosed with spinal stenosis (n = 9), spondylolisthesis (n = 1), recurrent herniated nucleus pulposus (n = 1), posttraumatic kyphosis (n = 1), bursting fracture (n = 1) and adjacent segment degeneration after previous lumbar instrumentation (n = 1). These individuals were scheduled for posterior spinal surgical procedures (n = 14) in which VB and IC bone marrow were harvested with application of spinal instrumentation. The rationale for the investigation and the accompanying risks were discussed with each patient, and an informed consent form approved by the Institutional Review Board of the Kyungpook National University Hospital was signed. Patients with a history of myelogenous disease, or a current history of metastatic neoplasm or infections were excluded from the study. No exclusion criteria regarding gender or race were used.
Marrow harvest and collection
Bone marrow was aspirated from the lumbar VB and the IC (average volume: VB/IC 4.2/4.6 mL, respectively) of the same patient using a marrow aspiration needle. To maximize the number of harvested osteoprogenitor stem cells, 2-mL samples of marrow were collected at sites of 1 cm distance from each other along the IC [17] . For VB bone marrow aspiration, during posterior spinal procedures, the marrow aspiration needle was used to cannulate the pedicles of accessible lumbar vertebral bodies. In this way, each sample collected from the VB and the IC of the same patients were analyzed in a paired fashion (VB vs. IC). Harvested marrow was collected in polypropylene tubes (Franklin Lakes, NJ, USA) containing dipotassium EDTA as an anticoagulant. Tubes were inverted to mix the marrow with the EDTA. Samples were placed immediately on ice and then processed to isolate BMSCs.
Cell isolation and culture
Bone marrow was spun through histopaque (Sigma; St. Louis, MO, USA) gradient centrifugation. After centrifugation, bone marrow mononuclear cells were collected and then washed twice with phosphate buffered saline (PBS, pH 7.4). The bone marrow mononuclear cells were suspended in a-minimum essential medium (a-MEM) (Gibco-BRL, USA) containing 10% fetal bovine serum (FBS) (Gibco-BRL, USA) and incubated at 37°C in a humidified atmosphere of 5% CO 2 for 12 h [14] . Non-adherent cells were removed and adherent cells that contain BMSCs were cultured and expanded for further experiments [11] . To induce osteoblastic differentiation, BMSCs were cultured in an osteogenic media (a-MEM supplemented with 10% FBS, 50 lg/mL a-ascorbic acid, 10 mM b-glycerophosphate and 100 nM dexamethasone and antibiotics). BMSCs under the passage 3 were used in the following experiments. The culture media was changed every 3 days.
Estimation of stem cell concentration
Bone marrow mononuclear cells were suspended in a-minimum essential medium (a-MEM) (Gibco-BRL, USA) containing 10% fetal bovine serum (FBS) (Gibco-BRL, USA) and incubated at 37°C in a humidified atmosphere of 5% CO 2 for 12 h. Non-adherent cells were removed and adherent cells that contain BMSCs were cultured until 80-90% confluent (passage 1, culture period average, VB: 8.8 days; IC: 9.4 days). Considering the average population doubling time of 36 h, BMSC concentrations (number of stem cells per 1.0 mL of aspirate) were calculated [28] .
Analysis of proliferation of BMSCs
BMSCs were seeded into 96-well plates at a density of 700 cells per well. Cells were cultured in a-MEM supplemented with 10% FBS for 3, 5 and 7 days, and proliferation was measured by proliferation assay kit (Promega, Madison, USA) as described in the manufacture's instruction. The optical densities were measured at 490 nm using an ELISA reader (BioRad; Hercules, CA, USA) [11] .
Flow cytometric analysis
BMSCs were harvested in 0.25% trypsin/EDTA and incubated in 1% BSA containing 100 lL monoclonal antibodies to CD29, CD34, CD44, CD90 and CD105 for 30 min at 4°C. The cells were centrifuged at 1,2009g for 5 min and washed with 1% BSA. The resuspended cells were fixed for 30 min in ice-cold 4% formaldehyde. Following fixation, the cells were washed with 1% BSA [3, 13] . Samples were analyzed using FACScan argon laser cytometer (Becton Dickson, San Jose, CA, USA).
RT-PCR analysis
Briefly, total RNA was extracted from BMSCs cultured for 0, 7, 14 and 21 days in osteogenic medium, using Trizol reagent (Invitrogen); 1 lg of total RNA was reverse transcribed into cDNA using Superscript II RT enzyme (Invitrogen) and random hexamers. For PCR, 1 lL of cDNA template was used for each reaction and sequences were amplified using Taq DNA polymerase (SolGent) [8, 15] . Primers for osteoblastic differentiation-associated genes and GAPDH were custom designed (Table 1) and synthesized by Integrated DNA Technologies (Coralville, IA, USA). Products were electrophoresed on a 1% agarose gel and the image was analyzed by a photodocumentation system (ChemiImager5500, Alpa Innotech, Miami, FL, USA).
Alizarin Red assay
BMSCs were plated at a density of 2 9 10 4 cells/well in a 24-well plate and cultured in a-MEM containing osteogenic supplements (10 nmol/L dexamethasone, 50 lg/mL ascorbate 2-phosphate, and 10 mmol/L b-glycerophosphate) for 14 days. The medium was changed every 3 days. To detect mineral, cells were fixed with 10% formalin, washed with PBS (pH 7.4) and stained with Alizarin Red S, pH 4.2 for 15 min. Stained cells were photographed. Osteogenic differentiation was quantified by quantitative destaining procedure using 10% (w/v) cetylpyridinium chloride (CPC) in 10 mM sodium phosphate, pH 7.0 for 15 min at room temperature [22] . The Alizarin Red S amount was determined by absorbance measurement at 570 nm using an ELISA reader (BioRad; Hercules, CA, USA).
Statistical analysis
Data were analyzed by Student's t test using SPSS 13.0. Corresponding P values were considered significant at values less than 0.05. 
Results
Mononuclear cell number, concentration of BMSCs and proliferation activity
The number of mononuclear cells per 1.0 mL of aspirates was slightly higher in the IC bone marrow as compared to paired VB bone marrow, but the differences were not significant (P [ 0.05). A mean of 3.65 9 10 7 mononuclear cells (range, 0.4 9 10 7 to 8.4 9 10 7 cells) were contained in each 1.0 mL of VB aspirated compared with 3.97 9 10 7 (range 1.0 9 10 7 to 9.2 9 10 7 cells) for IC aspirates ( Table 2 ). The concentration of BMSCs (cells/mL) was calculated for each sample as the product of total stem cells at P1 divided by culture period for P1, considering doubling time of 36 h. Aspirates of VB bone marrow demonstrated similar or greater concentrations of BMSCs compared with aspirates from IC. Concentration of BMSCs from VB and IC are 3.73 9 10 3 (range 0.02 9 10 3 to 9.75 9 10 3 cells/mL) and 3.19 9 10 3 (range 0.34 9 10 3 to 8.20 9 10 3 cells/mL), respectively (P [ 0.05).
In only five patients, the concentrations of BMSCs in the IC aspirates were higher than that in the VB aspirates. Interestingly, five patients (patient no 1, 7, 9, 10, 13) who are relatively older (over 65 years) demonstrated very low concentration of BMSCs in both VB and IC bone marrows.
Proliferations of BMSCs at 3, 5 and 7 days were of very similar pattern in both VB and IC bone marrow. The same cell numbers were seeded on 1 day, and OD at 3, 5 and 7 days were nearly of the same absorbance in both groups (Fig. 1) . Expression levels of surface markers of stem cells
We examined the expression levels of stem cell markers of BMSCs using flow cytometry. Expression of CD29, CD44, CD90 and CD105 of BMSCs from both VB and IC were positive with more than 99% in expression levels (Fig. 2) . All groups were CD34 (marker of hematopoietic cells) negative, which precluded contamination by hematopoietic cells. The percentage of BMSCs expressing CD29, CD44, CD90 and CD105 in VB and IC was comparable (n = 14, P [ 0.05).
Evidence of mineral formation
BMSCs isolated from the VB and the IC were maintained in culture supplemented with dexamethasone, b-glycerophosphate and ascorbic acid for 14 days. When stained with Alizarin Red S, positive mineral deposits were apparent. BMSCs from VB bone marrow showed higher mineral accumulation compared with BMSCs from the IC (Fig. 3 , P = 0.001).
Measurement of osteogenic gene expression
RT-PCR analysis was conducted on representative two cases (case number 2 and 8) of selected genes expressed by VB and IC BMSCs under osteogenic conditions. The expression of ALP, type I collagen and osterix in BMSCs isolated from lumbar VB was similar to IC under basal as well as osteogenic conditions. The osteogenic medium supplementation enhanced higher expression levels of osteocalcin and Runx-2 in BMSCs derived from VB, especially at 14 and 21 days, compared with those of IC (Fig. 4) . 
Discussion
The purpose of this investigation was to compare proliferation and osteoblastic differentiation potential of VB BMSCs with those of IC. Characteristics of VB bone marrow have not been well quantified and have not previously been considered to be a routine source of augmenting bone graft material. Muschler et al. reported that aspiration volume affects the number and concentration of osteoblast progenitor cells in marrow aspirates [17] . They   Fig. 3 also reported that an aspiration volume of 2 mL allows the highest concentration of osteoblast progenitor cell. Therefore, we tried to collect a 2-mL bone marrow aspiration volume for each of the aspiration sites. Moreover, determining the capacity of the bone marrow to augment bone fusion is the richness of BMSCs among mononuclear cells, which can be differentiated into osteoblasts, because not all mononuclear cells have the capability of differentiating into osteoblast. Our studies show that the VB bone marrow contains a lower number of mononuclear cells on average, but a slightly higher concentration of BMSCs. This result is in agreement with recent studies that show a higher prevalence of CFU-F in VB marrow than IC or peripheral blood, suggesting a higher frequency of progenitor cells [1, 20] . But, we cannot find any significant statistical differences regarding concentration and proliferation potential of BMSCs at 3, 5 and 7 days (P [ 0.05).
We also examined the osteogenic characteristics of VB BMSCs cultured in the presence of dexamethasone, bglycerophosphate and ascorbic acid. Surprisingly, we found equivalent volumes of unprocessed VB marrow in culture, this provided an elevated number of plastic adherent cells reached early confluence and higher mineralization with Alizarin Red S at 14 days. It is possible that the higher mineralization of VB BMSCs under osteogenic media may be the result of rapid differentiation of VB marrow cells into osteoblast. The apparent increase in staining of the VB cell cultures also supports that these cells would undergo more rapid osteogenesis in vivo. If this is the case, it would give us strong support to the clinical concept that cells derived from lumbar VB could be effectively used to augment bone fusion, especially during spinal surgery, as much as IC.
Flow cytometric analysis revealed that BMSCs from VB and IC had similar profile as surface markers of stem cells. Expression of CD29, CD44, CD90 and CD105 of BMSCs from both VB and IC were positive with more than 99% of expression levels. A representative flow cytometric analysis of VB and IC BMSCs is presented in Fig. 2 . All groups were CD34 negative, which precluded contamination by hematopoietic cells. The percentage of BMSCs expressing CD29, CD44, CD90 and CD105 in VB and IC was comparable (n = 14, P [ 0.05). However, because surface antigen expression is influenced by the number of variables, functional in vitro and in vivo assays for BMSCs will be required to confirm that VB BMSCs have some differences compared to other BMSCs.
To define the differences of osteoblastic differential potential of both BMSCs, osteogenic gene expression was studied using RT-PCR. VB BMSCs proved the expression of ALP, type I collagen and osterix and was similar to that of IC under basal as well as osteogenic conditions. Interestingly, the osteogenic medium supplementation enhanced higher expression levels of osteocalcin and Runx-2 in BMSCs derived from VB, especially at 14 and 21 days, compared to those of IC. Since osteocalcin is an important regulator of the mineralization process [7] and Runx-2 serves as a critical bone cell transcription factor, higher expression of these genes seems to be related with higher mineralization and VB cells have more likelihood for osteogenic potential.
In conclusion, VB bone marrow could provide sufficient BMSC volumes and comparable osteoblastic differentiation potential compared with IC, thus effectively providing Fig. 4 RT-PCR analysis (representative 2 cases, case number 2 and 8) of selected genes expressed by VB and IC BMSCs under osteogenic conditions. The osteogenic medium supplementation enhanced higher expression levels of osteocalcin and Runx-2 in BMSCs derived from VB, especially at 14 and 21 days, compared to those of IC an additional source of stem cells for graft augmentation during spinal fusion surgery. The potential benefit of this finding would be to eliminate the need for IC harvest in many cases and to provide an additional source of BMSCs both for patients requiring extensive grafting and for those with limited cancellous volume within the IC. Moreover, the operations that naturally provide access to the vertebral bone marrow, especially spinal instrumentation using pedicle screws, depend on fusion for clinical success, so VB BMSCs would be of great clinical interest to spine surgeons.
